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Over the past three decades, the family of marine polycyclic ether natural products has attracted 
the attention of chemists and biologists due to their synthetically challenging molecular 
architecture and potent and diverse biological activities. Brevenal, a novel pentacyclic ether 
natural product isolated by Bourdelais et  al., has a 6/7/6/7/7-pentacyclic ether core structure 
arranged with two highly unsaturated side chains (Figure 1). Brevenal displays intriguing 
biological activities and represents potential ead compound for drug discovery. 
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Figure 1. The Structure of Brevenal.
 In 2006, the author completed the first total synthesis of the originally proposed structure (1) 
of brevenal (Scheme 1). The Suzuki-Miyaura coupling-based strategy developed by the Sasaki 
group was applied to the assembly of the AB- and DE-ring fragments and construction of the 
central C-ring. The left- and the right-hand side chains were introduced by Stille coupling and 
Wittig olefination, respectively. However, the spectroscopic properties of synthetic 1 did not 
match those of the natural product, suggesting that the proposed structure (1) has to be revised. 
From extensive NMR analysis and biosynthetic point of view, it is most likely that the true 
structure is represented by 2, the C26-epimer of 1.
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Scheme 1. Total Synthesis of the Originally Proposed Structure of Brevenal (Master's Thesis).
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2. Total Synthesis, Structure Revision, and Absolute Configuration of (—)-Brevenal. 
The synthesis of the revised structure 2 began with the previously synthesized pentacyclic ether 
C26-epi-6. Stereoselective installation of the left-hand side chain was first examined (Scheme 2). 
The pentacycle C26-epi-6 was converted to alkyne 7 by an eight-step sequence. Regioselective 
silylcupuration of alkyne 7 using the Flemming's reagent (Me2PhSi)2Cu(CN)Li2 led to  (E)- 
vinylsilane 8, whose iododesilylation by treatment of 7 with NIS afforded (E)-vinyl iodide 8. 
Based on  'H NMR analyses, regioselectivity of the silylcupration reaction was approximately 
9:1 and the iododesilylation step accompanied with partial  E  I  Z isomerization. Stereoselective 
synthesis of the multi-substituted diene side chain was best carried out by Stille coupling of  (E)-
vinyl iodide 8 and stannane 10. Thus, the Stille coupling of (E)-vinyl iodide 8 and stannane 9 
was carried out under the optimized conditions (Pd2(dba)3, Ph3As, CuTC), giving diene 11 in 
63% yield as a single diastereomer after purification by flash column chromatography on silica 
gel. Installation of the E-ring side chain was then achieved by the Nicolaou's procedure. Finally, 
global deprotection of the protecting groups followed by selective oxidation of the  C  1 allylic 
alcohol furnished the revised structure (2) of brevenal. The spectroscopic data including  'H and 
 13C NMR and HRMS of synthetic 2 were in full accordance with those of the natural product. 
Moreover, the specific rotation of the synthetic 2  ([a]D27 —33.5 (c 0.27, benzene)) was in 
excellent agreement with that of the authentic sample  ([03,27 —32.3 (c 0.27, benzene)). Overall, 
the author successfully determined the absolute stereostructure of (—)-brevenal to that 
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Total Synthesis of Revised Structure of Brevenal (2).
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3. Improved, Second-Generation Total Synthesis of (—)-Brevenal. 
Although the first total synthesis of (—)-brevenal has been successfully accomplished, the 
synthesis is so lengthy that supplying sufficient quantities of synthetic brevenal as well as its 
synthetic intermediates i practically impossible. To investigate the biochemical mode-of-action 
of brevenal as well as its structure-activity relationships, it is necessary to develop an efficient 
and scalable synthetic access to the pentacyclic core structure of 2. With these considerations in 
mind, the author decided to develop an improved synthetic route to the pentacyclic polyether 
core 14 (see Scheme 3), the key intermediate in the first total synthesis of brevenal (Figure 1). 
  Retrosynthetic analysis of the pentacyclic polyether core 14 is shown in Scheme 3. A two-fold 
use of the Suzuki-Miyaura coupling/mixed thioacetalization strategy was featured to construct 
the A- and the C-rings, which makes this synthesis plan more convergent than the previous one. 
The pentacyclic ether 14 was dissected to the exo-olefin 15 and the enol phosphate 16, 
respectively. Based on this synthesis plan, it would take only eight steps to construct he C-ring, 
being more efficient than the previous synthesis that required installation of the  C14 hydroxy 
group after the fragment assembly process (15 steps). The AB-ring fragment 15 was divided into 
two fragments, the iodide 17 and the B-ring enol phosphate 18. The DE-ring fragment 16, in 
turn, could be derived from  1,6-diol 19 via Yamaguchi lactonization. Diol 19 was to be derived 
from lactone 20 by standard chemistry. The E-ring lactone 20 was planned to be constructed 
from  13-alkoxyacrylate 21 via the  SmI2-induced reductive cyclization developed by Nakata et  al. 
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Scheme 3. Retrosynthetic Analysis of the Pentacyclic Ether 14.
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  Suzuki-Miyaura coupling of alkyl borate 23, generated in situ from iodide 17, and enol 
phosphate 18 was achieved under the previously established conditions (aqueous  Cs2CO3, 
Pd(PPh3)4, DMF) to give enol ether 24 in 92% yield (Scheme 4). Hydroboration of enol ether 24 
with ThxBH2 followed by oxidation of the resultant alcohol gave ketone 25. The newly 
generated stereocenter was confirmed by an NOE analysis. Deprotection followed by treatment 
with EtSH and  Zn(OTf)2 afforded  O,S-acetal, and subsequent one-pot stereoselective 
methylation (mCPBA,  CH2C12; then  A1Me3) gave bicyclic ether 26 in 92% yield along with its 
diastereomer (8%). For the stereoselective introduction of the  C14 hydroxy group, the  C15 
hydroxy group was once eliminated in a regioselective manner. After considerable xperiments, 
it was found that desired olefin 28 was best obtained in a one-pot manner. Thus, triflation of 
alcohol 27 at -78 °C followed by addition of DBU afforded olefin 28 in 80% yield. 
Stereoselective dihydroxylation of 28 proceeded smoothly from the less-hindered  13-face of the 
molecule with complete stereocontrol to afford diol 29 in as a single diastereomer. Subsequent 
elaboration to exo-olefin 18 was performed by standard chemistry.  e 3M aq.  Cs2CO3 ,_:
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Scheme 4. Synthesis of the AB-ring exo-olefin 15. 
 The synthesis of the DE-ring fragment wasnext investigated (Scheme 5). Hydroxy epoxide 
30, prepared from  1,5-pentanediol in a  five-step sequence including Sharpless asymmetric 
epoxidation, was treated with Ti(OMPM)4 to afford diol 31 in a regio- and stereoselective 
manner, which was converted to  13-alkoxyacrylate 21 in six steps. According to the procedure
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devepoledby Nakata, treatment of acrylate 21 with  SmI2 in the presence of  Me0H gave a 
mixture of the E-ring lactone 23 in  91% yield as a single diastereomer. Serendipitiously, it was 
found that elaboration of diol 19 to seven-membered lactone 32 could be directly accomplished 
by treatment with a catalytic amount of TEMPO in the presence of bis(acetoxy) iodobenzene 
(BAIB) (2.5 equiv) as a co-oxidant in  CH2C12 at room temperature. The desired seven-membered 
lactone 32 was isolated in 92% yield. Lactone 32 was converted to the enol phosphate 16 in an 
excellent yield by enolization with KHMDS in the presence of  (PhO)2P(0)Cl.
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Scheme 5. Synthesis of the DE-ring Enol Phosphate 16.
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 Completion of the synthesis of the pentacyclic ether 14 was illustrated in Scheme 6. The AB-
ring alkylborane 33, generated in situ from exo-olefin 15, was coupled with enol phosphate 16 in 
the presence of aqueous  Cs2CO3 and Pd(PPh3)4 to furnish endocyclic enol ether 34 in high yield. 
Hydroboration of the enol ether 34 followed by oxidation gave the desired ketone 35 (80% yield) 
along with its diastereomer  (-16% yield). Removal of the MOM and the silyl groups of 35 was 
smoothly carried out under acidic conditions (6 M HC1,  THF/MeOH, 60 °C). Subsequent mixed 
thioacetalization of the derived tetraol gave  O,S-acetal 36 in 96% yield for the two steps. 
Protection of alcohol in 36 and subsequent stereoselective introduction of the  C19 axial methyl 
group  (mCPBA, CH2C12; then excess  AIMe3) furnished pentacyclic ether 37 in 86% yield along 
with its  C  19-epimer in 8% yield. Finally, deprotection of the benzyl group of 37 afforded alcohol 
14 in 97% yield. Since alcohol 14 was the intermediate in the first-generation total synthesis of 
brevenal, the present synthesis constitutes its second-generation total synthesis. By chartering 
the second-generation synthesis, more than 2.5 grams of the pentacyclic ether 17 has been 
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Scheme 6. Synthesis of pentacycle 17 via MOM-protected AB-ring 18.
  In conclusion, the author has accomplished the first total synthesis of (-)-brevenal, culminated 
in the structure revision and determination of the absolute configuration. This work demonstrates 
the importance of total synthesis for the structure determination and/or comfirmation of complex 
natural product, even though the matured, state-of-the-art spectroscopic methods including 
multi-dimentional NMR spectroscopy, high-resolution mass spectrometry, and X-ray 
crystallography are now available for structure lucidation of natural products. 
  A highly convergent synthesis of the pentacyclic polyether core of brevenal was also achieved 
by a two-fold use of the Suzuki-Miyaura coupling-based strategy, which made it possible to 
synthesize the pentacyclic ether 14 in a longest linear sequence of just 32 steps (50 steps in the 
first generation synthesis). The chemistry described herein demonstrates the power and 
applicability of the Suzuki-Miyaura coupling-based strategy for the synthesis of marine 
polycyclic ether natural products and would secure synthetic access to a variety of structural 
analogues for detailed investigations into the structure-activity relationships of brevenal.
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ブレベナールは、赤潮を形成する海産渦鞭毛藻Kareniabrevisより単離 された5環 性ポ リエーテ
ル天然物であり、同 じ渦鞭毛藻が産生する神経毒ブ レベ トキシン類の電位依存牲Na・イオンチャ
ネルへの結合 を濃度依存的に阻害するとともにその毒性 を抑制するアンタゴニス ト的作用 を示
す。また、喘息モデル動物において非常に低濃度で気道粘液除去を促進す ることが報告 されてお
り、呼吸器系疾患に対する新 しい治療薬候補化合物 として注 目を集 めている。
本論文では、当研究室で開発 された鈴木一宮浦カップ リング反応を基盤 とす るポ リエーテル骨
格構築法 を活用 したブレベナールの全合成による絶対立体構造の決定と効率的な改良合成経路の
確立について述べ られている。
まず、提唱されたブ レベナールの構造に誤 りがあることが修士課程における研究により判明 し
たため、各種NMRス ペク トルの詳細な解析 とポ リエーテル天然物の生合成仮説に基づいて改訂
構造を提案 した。 さらにその全合成 を上記合成法を活用 して達成す ることにより、ブ レベナール
の真の化学構造を絶対立体配置を含めて確定 した。
引き続 き、ブ レベナールの構造活性相関と作用機構の解明のための大量合成可能かつ多様 な構
造類縁体の合成を視野に入れた効率的な改良合成経路の開発に取 り組んだ。上記合成法を駆使 し
て、官能基化 されたAB環 部を収束的に合成 し、これ とC環 部を介 してDE環 部 と連結すること
によ り効率的な5環 性ポ リエーテル骨格の合成を達成 した。 これにより、従来の全合成 と比較 し
て大幅な反応工程数の窺縮化を実現 し、ブレベナールお よび類縁体をグラムスケールで供給でき
る効率的な第二世代全合成経路を確立 した。




おいて広 く応用され ることが期待 され る。 これ らの研究結果は、有機合成化学、天然物化学の分
野に画期的な貢献をす るものであ り、著者 が自立 して研究活動を行 うに必要な高度の研究能力 と
学識 を有す ることを示 している。 したがって,海 老根真琴提出の論文は、博士(生 命科学)の 学
位論文 として合格 と認める。
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